Abstract-This paper deals with the problems of using pervasive wireless sensor networks to monitor people that live in their homes and have no critical chronic condition. The rich set of sensors that can be used and their sheer number make it quite complex to interpret the data: in the paper we argue that it is possible and very useful to add a reasoning component to the architecture. We also delve into the various open research questions that must be solved in order to build really effective home health-monitoring systems.
I. INTRODUCTION W HILE life-expectancy continues to grow, at least in some countries, the inequality in life expectancies and Healthy Life Years (HLYs) [1] remains large. This means that many people live longer but in a state in which chronic conditions substantially cripple their quality of life and their capability of living a useful life. Furthermore, this inequality has a negative impact on society welfare costs.
Tele-monitoring of critical conditions (telemedicine) is becoming very common because of lower and lower costs of equipment and the savings that can be achieved. Telemedicine, though, does not always improve HLY's because it enters the picture when a person has already one or more critical chronic conditions. On the contrary, pervasive monitoring in the home (which has been proposed in research projects and, in a somewhat reduced form, in commercial products) has the potential of prolonging the HLYs period by pinpointing potentially critical conditions before they arise.
Many "independent living" systems focus on capturing medical emergencies. This can be useful but it is not the most effective way to improve the quality of life of elderly people or to lower medical costs. A more useful goal is to prevent situations that can cause drastic changes for the worse of the quality of living, e.g. falls, constant weight loss, etc. We believe that this can be achieved with pervasive and continuous monitoring of an elderly in his home environment supported by sophisticated processing of the indicators computed from the monitoring.
It has been shown that, for example, hip fractures continue to generate significant costs throughout the firstyear period after discharge. Costs associated with the treatment of hip-fracture patients are about three times greater than those resulting from the treatment of age and residence-matched controls without a fracture [2] . As a matter of fact, causes of falls in elderly adults are quite diverse, the largest culprits being: environment-related (31%), gait/balance disorders (17%) and diziness/vertigo (13%) [3] . Identifying risk factors can substantially lower the probability of a fall. It is therefore very advantageous both for the patient's quality of life and for the minimization of the costs to devise systems that are able to warn caregivers and patients that action has to be taken well before a fall happens.
The architecture of an effective independent-living support system should include:
• A Wireless Sensor Network (WSN), composed of infrastructural nodes equipped with several sensors and a wearable monitoring device, used for gathering data about the user and the environment.
• A reasoning component able of performing three main reasoning tasks: (i) continuous contextualization of physical, mental and social state of a person, (ii) prediction of possibly risky situations and (iii) identification of plausible causes for the worsening of a person's health.
We believe research should be mainly focusing on: Unobtrusiveness The monitoring system should not affect the lifestyle and habits of the person being monitored. All data should be unobtrusively captured by the WSN and then processed without any user intervention. User-friendliness The elderly may have problems in handling complex multiple devices. The monitoring system should allow interactions with the person through a very simple interface, e.g. a touch sensitive display and simplified graphic interface. Context-awareness Gathering complete information about the context in which the user lives is a decisive point for home healthcare systems. The use of a reasoning component that does not only rely on static user-specific needs, but that continuously analyzes the evolving state of the patient and of the environment, simplifies the situation assessment process. The aggregation and the interpretation of different kinds of information from heterogeneous sources (such as light, position, movement, localization, load cells) enhances reliability and accuracy of context interpretation, since considering heterogeneous sources of information helps in compensating errors and incompleteness of data. Reactivity The reasoning process should run not only periodically but also according to specific triggers such as emergency situations, user input, system feedbacks. By adding appropriate logical constraints to th e WSN and to the reasoning components, emergencies could also be contextualized in almost real-time.
Other important requirements like: (i) technological and medical soundness, (ii) user-centrality, (iii) adapt ivity and (iv) affordability should also be addressed.
In the remaind er of this paper we will use the description of a system we have designed and implemented, called Secure and INDependent LIving (SIND!) [4] , in order to illustrate the key problems in pervasive health monitoring.
II. SYSTEM OVERVIEW
In order to address the concerns expressed in Section I we have designed and developed a system (called SINDI) th at has th e following components. The SINDI's WSN used for gathering data about th e user and his or her environment. The Master Processor used for st oring and processing dat a. This processor also handles all the connect ions with the WSN and the Dat a Server and it has storage, pro cessing power and main memory capabilit ies in the ballpark of an average PC. The SINDI Data Server used to store and man age the dat a of several homes. The SINDI Clients used by caregivers to access patient's information stored on the SINDI Dat a Server.
The overall architect ure of the SINDI system is depicted in Figure 1 .
In th e remainin g part of thi s paper we will focus on the most significative components of the SINDI system: the WSN, the Mast er Processor and the Reasoning Component .
III. THE WSN OF SINDI
Wireless Sensor Networks (WSNs) [5] consist of nodes th at are capable of interacting with the environment by sensing or controlling physical parameters. This kind of networks are th e enabling technology for acquiring all possible information about the context in which the user lives.
The WSN we use in SINDI collects environment al dat a about light , temperature, humidity, opening and closing of doors and windows. Several dat a about user 's movement , location and weight (using load cells under a bed or an arm chair) are also collected. • a base node in every zone, always act ive and connected to household power, mostl y used for network coordinat ion but also with its own sensing capabilit ies; • environment al nodes (battery powered) for sensing the environmental data or capt uring particular events ; • a wearable monit oring device; • a gateway node connected to th e master pro cessor.
Both th e base nodes and the environment al nodes can sense at least : temperature (10-40 degrees with one degree precision) , humidity (low-normal-high) and light changes th at are meanin gful to people. Furthermore, th ey use Received Signal Strength Ind ication (RSSI) , ult rasonic-and infrared-sensor dat a for localization and proximity.
The base node integrat es a power supply and a small rechargeable battery for power out ages. The wearable monit oring device is used for the user's localizati on and also includes several sensors (accelerometers, gyroscopes and magnetomet ers) for movement analysis. Th e gate way node is the coordinator of th e networks and it is used by th e master pro cessor for gat hering data from th e WSN.
The network is organized hierarchically. The environment in which the user lives is divided into zones and every zone is controlled by one base node. Moreover, every zone can be divided into several sensing areas where one or more environmental nodes oper ate . The wearable node can move from zone to zone without loss of connectivity. The master pro cessor manages the entire network applying top ology-control mechanisms and routing algorit hms.
Several middleware environments th at provide routing, dat a aggregat ion, and communicat ion services have been designed in order to optimize and limit resource consumption. For inst ance, middlewares like [6] or [7] are good examples of generic environments based on message exchange mechanisms optimized for homogeneous sensor networks . These environments, however, do not provide enough flexibility to manage heterogeneous sensors and do not meet all our requirements. We developed a middleware th at provides the following function aliti es: (i) dynamic configuration of th e nodes and simple dat a aggregation (ii) communication, routing, power control and synchronization (iii) positioning, localization and tracking.
The key research issues in this kind of network are energy man agement , network bandwidth and dat a filterin g.
Although the network is deployed in a home th ere is a definite advantage in having most of th e sensor nodes battery operated in order to obtain low installation costs and unobtrusiveness. While most sensors do not need to be read very often, localization needs frequent interactions. The key is to exploit all the context knowledge in order to minimize the number of measurements that need to be taken. For example, the presence or the arrival of a user in a room can be inferred from context data saving RSSI measurements. Another issue has to do with the tradeoff between energy consumption and the capability of the network to react to emergencies . A clever management of sleep time is required in order to always have the possibility for the network as a whole to react to emergencies. Bandwidth and Medium Access Control are another serious problem . The most common MAC protocol, IEEE 802.15.4, does a good job if contention is low but adds quite a bit of overhead if too many nodes are eager to transmit. Here again the application has to cleverly exploit the context knowledge in order to "throttle-back" the nodes.
Timely collecting data from sensor nodes is not enough because such data are noisy, incomplete and potentially inconsistent. Only the most sophisticated data filtering techniques are good enough for some of the sensors that are used in these systems, e.g. accelerometers and gyroscopes on a human body, and one often has to resort to complex data filtering and fusion techniques, e.g. particle filters, in order to improve accuracy.
IV. THE MASTER PROCESSOR
As we have seen, the Master Processor is the gateway of the WSN and it is used for storing and processing data. A detailed view of the Master Processor components can be found in Figure 2 . It includes the following subcomponents.
Master Processor Manager This component is used for handling the communication between all the other modules.
Situation Assessment This component is used for processing and aggregating the raw user and environmental data gathered with the WSN in order to find more detailed information about the context. In this way, detailed information about the user localization are obtained combining together the inertial and RSSI data using a fusion algorithm based on particle filters. The raw user movement data are filtered using algorithms based on decision trees and artificial neural networks in order to obtain data with higher quality. Algorithms for filtering raw ultrasonic and infrared data are also used. Reasoning Engine This component allows a constant monitoring of the user health using the contextual data processed by Situation Assessment, further refining them and also using user-specific medical knowledge (see section V). Event Manager This component is used in order to guarantee quick reactions when critical situations and emergencies arise. WSN Manager This component is used to correctly acquire all the environmental and user data generated by the WSN . It is also used for the configuration of the WSN. Persistence Manager and Local Database All the system data are stored in a local database using the Persistence Manager component. Presentation Manager It is used to manage the user interactions with GUls that are specifically designed for elderly people. Data Server Synchronization It synchronizes the local and remote database interacting with the remote SINDI's Data Server .
A detailed view of the Master Processor components can be found in Figure 2 . This is probably the easier part of the system since most of the design issues are solved by existing technologies. The only difficult issues are raised by the user interface that needs to be very different from usual interfaces because it must be used mainly by people with little or no familiarity with computers.
V . INTELLIGENT MONITORING : A LOGICAL PERSPECTIVE
We believe that future systems should go beyond data collection to focus on (i) assisting caregivers in understanding health evolution, (ii) enhancing independence and autonomy of monitored patients. We refer to an intelligent monitoring system as a monitoring system that is able to reason about gathered data and support decisions. Most of the pervasive systems for healthcare proposed so far use a probabilistic approach to behaviour analysis and activity recognition aimed at enhancing autonomy [8] . These approaches are sometimes coupled with logic-based planning techniques.
When we talk about intelligent monitoring, though, we refer to a different (potentially complementary) view of artificial intelligence applied to home healthcare. In our view, expressive knowledge representation and reasoning techniques are needed to analyse the context and to understand health evolution. This can be done by applying automated reasoning to a combination of different pieces of knowledge (common-sense, medical, context-dependent), rather than dealing with predefined plans and goals to be achieved. The idea is that of using non-monotonic logical reasoning to summarize and correlate sensor data in a consistent interpretation of the context in which the person lives in terms of clinical profile, environment, movements, and to predict possible evolutions of the person's health. The logical framework of Answer Set Programming (ASP) [9] is well suited to deal with such a complex knowledge representation and reasoning task, in that it overcomes most of the limitation of previous logic programming systems such as Prolog. Compared to pure statistical approaches, logic inference based on ASP is highly expressive and computationally more performant because it can deal with first-order representations, which are much richer than the propositional ones characterizing probabilistic inference. Furthermore, ASP can deal with incomplete information and commonsense reasoning using defaults. Cardinality and weight constraints together with program optimization techniques can also be used to model different degrees of uncertainty [10] , [11] , [12] .
In the SINDI system, we combine Wireless Sensor Networks technologies with a logic-based representation of knowledge. The reasoning component of SINDI uses Clingo as the ASP reasoning engine". In our implementation, three main reasoning tasks are performed by the system: Contextualization is referred to as the correlation between sensor data and physical, mental and social state of the person; this task is based on common-sense reasoning and domain knowledge and it provides a qualitative evaluation of crucial aspects of daily living (movement, quality of sleep, clinical setting). Prevention combines results of the contextualization task with medical knowledge in order to identify potentially risky situations before the emergencies arise. Local Diagnosis is referred to as (i) the identification of possible causes for the worsening of a person's health (provided as a result of the contextualization task) and (ii) the indication of the clinical and context-dependent conditions producing a given risk assessment as a result of the prevention task. Results of the reasoning process can also be used to give feedbacks and suggestions to both the caregivers and the patients in form of prompts, alerts, warnings, and so on.
There are several open issues concerning logic-based artificial intelligence applied to home healthcare, among which we mention:
• correct encoding and integration of the appropriate medical knowledge;
• successful combination of probabilistic and logic-based approaches for modelling and reasoning which can enhance adaptivity and user-centrality; • careful study of which feedback should be provided by the system, when it is needed and how it should be provided; • usability and access to technology by the elderly.
VI. CONCLUSIONS
In conclusion we can see that there is a large difference between the usual telemedicine systems and this new breed of pervasive monitoring systems. First of all, data collection raises many performance and energy issues. The network must be available 24/7 and continuously adapt to the monitoring context, run unattended for long periods of time and be installed by unskilled personnel. Secondly, sensor data must be conditioned and filtered by sophisticated techniques that can deal with complex sensor models, e.g. particle filters. Last but not least, data has to be interpreted by a component that is able to draw from a knowledge database and make complex inferences.
More details and a preliminary evaluation of such a system can be found in [4] .
